Introduction {#sec1}
============

Mucopolysaccharidosis type IVA (MPS IVA, Morquio syndrome type A) is an autosomal recessive disorder caused by the deficiency of the lysosomal enzyme *N*-acetylgalactosamine-6-sulfate sulfatase (GALNS).[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6] GALNS degrades glycosaminoglycans (GAGs), both chondroitin-6-sulfate (C6S) and keratan sulfate (KS), and its deficiency causes progressive accumulation of KS and C6S in cartilage and extracellular matrix (ECM), leading to a systemic and unique skeletal dysplasia with incomplete ossification and subsequent imbalance of growth.[@bib4]^,^[@bib7]^,^[@bib8] Clinical manifestations include short neck and trunk, cervical spinal cord compression, tracheal obstruction, pectus carinatum, laxity of joints, kyphoscoliosis, coxa valga, and genu valgum. Patients with a severe type die of airway compromise, cervical spinal cord complications, or heart valve disease in their 20s or 30s if untreated.[@bib4]^,^[@bib7]^,^[@bib9], [@bib10], [@bib11] Enzyme replacement therapy (ERT), hematopoietic stem cell transplantation (HSCT), and various surgical interventions are currently available for patients with MPS IVA in clinical practice. MPS IVA patients often require multiple orthopedic surgeries in the upper spine and lower extremities within the first 10 years of life. ERT may reduce fatigue and improve the quality of life in patients with MPS IVA but it has not shown any impact on bone pathology, which is the underlying cause of the most debilitating symptoms of the disease. This has been reported by several groups, either by looking at the clearance of storage in the surgical remnants of patients undergoing ERT,[@bib12]^,^[@bib13] or by examining the bone growth improvement[@bib14]^,^[@bib15] as well as the reduction in surgical interventions in these patients.[@bib16] Additionally, there has been no reduction in the blood KS levels after ERT.[@bib17]^,^[@bib18] In preclinical and clinical studies, conventional ERT with intravenous (i.v.) infusion provided short elimination half-life in circulation (2 min in mouse and 35 min in human),[@bib19]^,^[@bib20] suggesting that most infused enzyme does not reach the avascular cartilage. Moreover, ERT treatment is burdensome and requires weekly infusions for 5--6 hours.[@bib13]^,^[@bib21] While HSCT may provide better outcomes than ERT on bone pathology, this cell-based therapy may not be applicable to all patients because of limitations in the availability of a matched donor, age limit for effective treatment, lack of well-trained staff in facilities, and the mortality risk of the procedure such as graft-versus-host disease (GVHD), infection, and other complications.[@bib22], [@bib23], [@bib24], [@bib25], [@bib26] Therefore, effective and feasible therapy for bone lesions in MPS IVA remains an unmet need.

MPS IVA mouse models recapitulate certain aspects of the human disease, specifically that they exhibit severe bone pathology but do not reveal any clinical symptoms.[@bib27]^,^[@bib28] The knockout (KO) mouse model for MPS IVA was generated by targeted disruption of exon 2 of the murine GALNS gene.[@bib27] Another mouse model for MPS IVA was developed by introducing an inactive human GALNS (hGALNS) sequence in intron 1 along with the targeted mutation (C76S) in exon 2 of the murine GALNS gene.[@bib28] This model, referred to as MPS IVA tolerant mouse (MTOL), has inactive hGALNS ubiquitously expressed, thereby rendering it tolerant to interventions using the hGALNS enzyme.[@bib28] Both of these mouse models have no detectable enzyme activity and, as a consequence, have GAG accumulation in peripheral organs, cartilage, and bone. Additionally, they have elevated GAG levels in blood and urine. They have been widely used to test the efficacy of different treatments for MPS IVA.[@bib19]^,^[@bib29]^,^[@bib30]

Gene therapy has the potential for long-term therapeutic efficacy in MPS diseases where the secreted enzyme from transduced cells can cross-correct the neighboring cells.[@bib31]^,^[@bib32] Adeno-associated virus (AAV) vectors are efficient at targeting various organs or tissues for stable genetic modification and are being used in a growing number of preclinical and clinical gene therapy studies for diseases, including MPS I, II, IIIA, IIIB, and VI ([ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0010}); however, gene therapy approaches for MPS IVA using AAV and other virus-based vectors remain under preclinical evaluation.[@bib33], [@bib34], [@bib35], [@bib36] AAV-based gene therapy products have already been approved for patients suffering from debilitating genetic diseases.[@bib37]^,^[@bib38] Certain AAV vectors, including AAV8, are preferred for liver-directed gene transfer, based on the high efficiency observed in non-human primates.[@bib39], [@bib40], [@bib41] Animal studies also indicate that AAV vectors in which liver-specific promoters are used for expressing therapeutic transgenes may allow for inducing immune tolerance to the transgene product and the stable, long-term expression of the transgene product.[@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48] For example, treatment of murine and feline models of MPS VI with an AAV8 vector featuring a liver-specific promoter provided a significant impact on skeletal lesions.[@bib49]^,^[@bib50]

Patients with MPS IVA show the most severe skeletal abnormalities in all types of MPS,[@bib8] and a bone-targeting strategy that could supply sufficient enzyme to penetrate the cartilage region would be advantageous. We have previously demonstrated enhanced preferential translocation to bone by attaching a short acidic amino acid tag to the N or C terminus of several enzymes.[@bib29]^,^[@bib51]^,^[@bib52] Hydroxyapatite (HA) is the major inorganic component in bone and has a positively charged surface that contains calcium ions. Bone sialoprotein and osteopontin bind to HA, and these phosphorylated acidic glycoproteins have repeated sequences of negatively charged acidic amino acids (Asp and Glu), which are required for bone targeting.[@bib53]^,^[@bib54] We applied the same principle to engineer a GALNS enzyme with an aspartic acid octapeptide (D8) N-terminal tag, which could potentially get translocated to bone better when compared to the native GALNS.

In this study, we have aimed to develop AAV8 vectors expressing hGALNS with or without bone-targeting signal, under the control of liver-specific thyroxin-binding globulin (TBG) promoter, and to investigate the therapeutic efficacy of these recombinant AAV8 vectors on bone and heart pathology in both MPS IVA KO and MTOL mice.

Results {#sec2}
=======

AAV-hGALNS Delivery Increases GALNS Activity in Blood and Various Tissues in Mouse Models of MPS IVA {#sec2.1}
----------------------------------------------------------------------------------------------------

The two mouse models (KO and MTOL) of MPS IVA disease recapitulate the human disease in terms of the deficiency of hGALNS activity, increased levels of KS in blood and tissues, and storage materials (vacuoles) in various tissues, including chondrocytes, meniscus, ligaments, and heart muscle and valves. These biomarkers have been widely used to evaluate the severity of the phenotype and the therapeutic efficacy of several approaches in these mouse models.[@bib19]^,^[@bib27], [@bib28], [@bib29], [@bib30] For this study, we delivered AAV8-TBG-hGALNSco and AAV8-TBG-D8-hGALNSco ([Figure 1](#fig1){ref-type="fig"}) i.v. into 4-week-old MPS IVA KO and MTOL mice at a uniform dose of 5 × 10^13^ GC/kg body weight. The mice were monitored for 12 weeks post-injection, and blood samples were collected every other week to analyze the enzyme activity and KS levels. Additionally, at necropsy, tissue samples were taken from different organs for enzymatic activity and KS levels as well as knee joints and heart valves for histopathology analysis.Figure 1Schematic Structure of AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS Viral Vector GenomeITR, inverted terminal repeat; TBG, thyroxin-binding globulin; RBG pA, rabbit β-globin poly(A).

Plasma enzyme activities in KO and MTOL mice are shown in [Figures 2](#fig2){ref-type="fig"}A and 2B. No GALNS activity was detected in plasma in untreated MPS IVA mice. Two weeks post-injection, plasma hGALNS activity in KO mice treated with AAV8-TBG-hGALNS or AAV8-TBG-D8-hGALNS was significantly increased, compared to that in wild-type mice. The plasma enzyme activity from AAV8-TBG-D8-hGALNS treatment was higher than that from AAV8-TBG-hGALNS treatment 2 weeks post-injection; however, plasma hGALNS activity was not different between these two AAV vector treatments at other time points out to 12 weeks post-injection. In MTOL mice treated with both AAV vectors, plasma hGALNS activity was significantly increased compared to that in wild-type mice 2 weeks post-injection. The levels of enzyme activity from mice treated with AAV8-TBG-D8-hGALNS were higher than those from mice treated with AAV8-TBG-hGALNS throughout the entire study duration. Supraphysiological levels of circulating hGALNS activity were achieved after a single injection of AAV8-TBG-hGALNS or AAV8-TBG-D8-hGALNS in both MPS IVA mouse models, and these high levels of enzyme activity were maintained for the duration of the study.Figure 2Blood and Tissue Human *N*-Acetylgalactosamine-6-Sulfate Sulfatase (hGALNS) Enzyme Activity in MPS IVA Mice Treated with AAV8 Vectors(A and B) A blood sample was collected from MPS IVA mice every other week until 16 weeks of age, and plasma hGALNS enzyme activity was measured in (A) knockout (KO) and (B) tolerant (MTOL) mice. The tissue sample was collected from MPS IVA mice 12 weeks post-injection of AAV vectors with or without a bone-targeting signal. (C and D) hGALNS enzyme activity in tissues including liver, spleen, lung, kidney, heart, and bone (leg) was measured in (C) KO and (D) MTOL mice. n = 4--8. Statistics were analyzed by one-way ANOVA with a Bonferroni's *post hoc* test. Data are presented as mean ± SD. ^∗^p \< 0.05 versus AAV8-TBG-hGALNS. (A and B) Wild-type (WT), ○; AAV8-TBG-hGALNS, ▪; AAV8-TBG-D8-hGALNS, ▲. (C and D) WT, open bar; untreated, black bar; AAV8-TBG-hGALNS, gray bar; AAV8-TBG-D8-hGALNS, striped bar. N.D., not detected.

The levels of hGALNS activity in the liver and other tissues 12 weeks after i.v. delivery of AAV vectors are shown in [Figures 2](#fig2){ref-type="fig"}C and 2D. Consistent with our use of an AAV8 vector with a liver-specific TBG promoter, the hGALNS activity levels in the livers of all treated MPS IVA mice were significantly higher than those in untreated MPS IVA mice. The mean enzyme activity levels in KO mice treated with AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS were, respectively, 49- and 9-fold higher than the level observed in wild-type mice. In MTOL mice treated with AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS, hGALNS activities in the liver were, respectively, 60- and 9-fold higher than those in wild-type mice. We detected hGALNS genome copies in the livers of MPS IVA mice treated with either AAV vectors at 16 weeks of age ([Figure S2](#mmc1){ref-type="supplementary-material"}). The liver genome copy numbers trended similar to the enzyme level differences detected in the two mouse models.

To evaluate the potential cross-correction of hGALNS deficiency, we evaluated hGALNS activity in tissues where we did not expect AAV vector-mediated expression of GALNS. The hGALNS activity was observed in all examined tissues, including spleen, lung, kidney, bone (leg), and heart in both KO and MTOL mice after both AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS treatments ([Figures 2](#fig2){ref-type="fig"}C and 2D). The enzyme activities were similar to or higher than wild-type levels in spleen and heart, and slightly lower levels of activities were observed in the lung and kidney. Notably, 37% and 20% of wild-type enzyme activities were observed in the bone of KO mice treated with AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS, respectively. Also, 57% and 43% of wild-type enzyme activities were observed in MTOL mice treated with these two AAV vectors. The hGALNS activity levels in bone were not statistically different between AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS.

Levels of Mono-Sulfated KS in the Blood and Tissues Decreased as a Result of AAV-GALNS Delivery {#sec2.2}
-----------------------------------------------------------------------------------------------

We measured mono-sulfated KS, which is the major component of KS, in plasma and tissues of MPS IVA mice. The levels of plasma mono-sulfated KS in KO and MTOL mice are shown in [Figures 3](#fig3){ref-type="fig"}A and 3B. Before the administration of AAV vectors, plasma mono-sulfated KS levels in untreated KO mice were significantly higher than those in wild-type mice (mean, 41.8 versus 16.3 ng/mL). Two weeks post-injection, mono-sulfated KS levels in plasma were completely normalized for both AAV vectors, and these levels were maintained for at least another 10 weeks (at necropsy). Mono-sulfated KS levels were similar in wild-type mice and untreated MTOL mice at 4 weeks of age. The mono-sulfated KS levels in wild-type mice were maintained at a constant level throughout the study; however, the levels of mono-sulfated KS in untreated MTOL mice gradually increased with age. MTOL mice treated with either of the AAV vectors maintained the normal levels throughout the entire study period. At 16 weeks of age, mono-sulfated KS levels in MTOL mice treated with AAV vectors were significantly lower, compared with those in the untreated MTOL mice.Figure 3Blood and Tissue Glycosaminoglycan (GAG) Levels in MPS IVA Mice Treated with AAV8 Vectors(A and B) A blood sample was collected from MPS IVA mice every other week until 16 weeks of age, and plasma mono-sulfated KS level was measured in (A) knockout (KO) and (B) tolerant (MTOL) mice. n = 4--8. The tissue sample was collected from MPS IVA mice 12 weeks post-injection of AAV vectors with or without a bone-targeting signal. (C and D) The amount of mono-sulfated KS in tissues, including (C) liver and (D) lung, was measured in KO and MTOL mice. n = 4--8. Statistics were analyzed by one-way ANOVA with a Bonferroni's *post hoc* test. Data are presented as mean ± SD. (A and B) ^∗^p \< 0.05 versus untreated. (C and D) ^∗^p \< 0.05 versus wild-type (WT); ^\#^p \< 0.05 versus untreated; ^\$^p \< 0.05. (A and B) WT, ○; untreated, ●; AAV8-TBG-hGALNS, ▪; AAV8-TBG-D8-hGALNS, ▲. (C and D) WT, open bar; untreated, black bar; AAV8-TBG-hGALNS, gray bar; AAV8-TBG-D8-hGALNS, striped bar.

We also measured mono-sulfated KS levels in tissues of MPS IVA mice. At necropsy, excessive storage of GAGs was present in tissues of both KO and MTOL mice. The amount of mono-sulfated KS in livers of KO and MTOL mice and in the lungs of KO mice were significantly decreased 12 weeks post-injection with either AAV vector ([Figures 3](#fig3){ref-type="fig"}C and 3D). To assess the effect of these AAV vectors expressing hGALNS on other GAG levels, the levels of heparan sulfate (HS) were analyzed in blood and tissues of MPS IVS mice. Both KO and MTOL mice had normal levels of diHS-0S in plasma, and the levels were not affected after injection by AAV vectors ([Figure S3](#mmc1){ref-type="supplementary-material"}). Tissue diHS-0S levels in the liver and lung were also not changed between all groups at 12 weeks post-injection of AAV vectors ([Figure S4](#mmc1){ref-type="supplementary-material"}).

Delivery of AAV GALNS Vectors Improved Bone and Cartilage Pathology in MPS IVA Mice {#sec2.3}
-----------------------------------------------------------------------------------

Tissues including bone (femur and tibia) and heart (muscle and valve) were assessed from MPS IVA mice at 12 weeks post-injection of AAV8-TBG-hGALNS or AAV8-TBG-D8-hGALNS.

Untreated MPS IVA KO and MTOL mice at 16 weeks of age exhibited GAG storage vacuoles in the growth plate of the femur and tibia (hyaline cartilage) ([Figure 4](#fig4){ref-type="fig"}A), articular disc ([Figure 4](#fig4){ref-type="fig"}B), ligament surrounding the knee joint ([Figure S5](#mmc1){ref-type="supplementary-material"}A), and meniscus ([Figure S5](#mmc1){ref-type="supplementary-material"}B). The growth plate also exhibited a disorganized column structure with ballooned and vacuolated chondrocytes ([Figures 4](#fig4){ref-type="fig"}A and 4B). In KO mice treated with AAV8-TBG-hGALNS or AAV8-TBG-D8-hGALNS, the growth plate, articular cartilage, ligaments, and meniscus in the knee joint had a partial reduction of storage material, and the column structure of chondrocytes was improved but remained disorganized and distorted. In MTOL mice treated with these AAV vectors, the growth plate, articular cartilage, ligaments, and meniscus in the knee joint had a greater reduction of storage, and the column structure of the growth plate and articular cartilage showed greater recovery than in untreated MTOL mice. To objectively assess the improvement of vacuolization in cartilage cells of the growth plate, chondrocyte cell size was quantified in the growth plate lesions of KO and MTOL mice ([Figure 4](#fig4){ref-type="fig"}C). We observed a moderate reduction of chondrocyte size in these growth plate lesions, which reached statistical significance in the MTOL mice.Figure 4Correction of Bone Pathology in MPS IVA Mice Treated with AAV8 Vectors(A and B) Correction of chondrocytes vacuolization was assessed by toluidine blue staining analysis using light microscopy of (A) growth plate and (B) articular disc in the knee joint of MPS IVA mice treated with AAV8 vectors. Bone pathology in knockout (KO) and tolerant (MTOL) mice were compared with wild-type, untreated MPS IVA, and treated MPS IVA with AAV8 vectors with or without bone-targeting signal. Scale bars, 25 μm. (C and D) Chondrocyte cell size in growth plate lesions of (C) femur or (D) tibia was quantified by ImageJ software. Data expressed fold change from wild-type group. n = 4--7. Statistics were analyzed by one-way ANOVA with a Bonferroni's *post hoc* test. Data are presented as mean ± SD. ^∗^p \< 0.05 versus wild-type (WT); ^\#^p \< 0.05 versus untreated. (C and D) WT, open bar; untreated, black bar; AAV8-TBG-hGALNS, gray bar; AAV8-TBG-D8-hGALNS, striped bar.

Untreated MPS IVA mice exhibited GAG storage vacuoles in heart valves and muscle. AAV8-TBG-hGALNS or AAV8-TBG-D8-hGALNS provided nearly complete clearance in these heart lesions of treated KO and MTOL mice ([Figures 5](#fig5){ref-type="fig"}A and 5B).Figure 5Correction of Heart Pathology in MPS IVA Mice Treated with AAV8 Vectors(A and B) Correction of vacuolization was assessed by toluidine blue staining analysis using light microscopy of (A) heart valve and (B) heart muscle of MPS IVA mice treated with AAV8 vectors. Heart pathology in knockout (KO) and tolerant (MTOL) mice were compared with wild-type, untreated MPS IVA, and treated MPS IVA with AAV8 vectors with or without bone-targeting signal. The arrows indicate the location of disease-related vacuoles. (a) Untreated KO, (b) untreated MTOL, (c) KO with AAV8-D8-hGALNS, (d) MTOL with AAV8-D8-hGALNS, (e) KO with AAV8-hGALNS, (f) MTOL with AAV8-hGALNS, and (g) wild-type (WT). Scale bars, 20 μm.

Circulating Anti-hGALNS Antibodies {#sec2.4}
----------------------------------

To investigate the possibility of a humoral response to hGALNS, we performed an enzyme-linked immunosorbent assay (ELISA) using plasma from wild-type and treated and untreated MPSIVA mice. KO mice treated with both AAV vectors showed the presence of significantly higher levels of circulating anti-hGALNS antibodies when compared to untreated KO mice (0.50 ± 0.38 or 0.62 ± 0.43 optical density \[OD\] unit for KO mice treated with AAV8-TBG-hGALNS or AAV8-TBG-D8-hGALNS) ([Figure S6](#mmc1){ref-type="supplementary-material"}). In AAV-hGALNS MTOL mice, these antibodies were not detected.

Discussion {#sec3}
==========

In this study, administration of the AAV8-GALNS vector into two MPS IVA mouse models demonstrated some differences in response but overall provided (1) a continuous high level of GALNS activity in the circulation; (2) GALNS activity in target tissues, including bone and heart; (3) significant reduction of KS accumulation in blood and tissues; (4) consequent amelioration of bone pathology; and (5) significant reversal of heart pathology. The levels of KS in blood and urine correlate with clinical severity of MPS IVA in childhood, and therefore they are a useful prognostic biomarker of the disease.[@bib55], [@bib56], [@bib57], [@bib58] Blood KS levels directly reflect the turnover of proteoglycans from cartilage, the primary tissue where KS is synthesized during growth. Urinary KS levels were substantially reduced after ERT,[@bib59]^,^[@bib60]^,^ while blood KS levels were not changed after this therapy.[@bib17]^,^[@bib18] The reduction in urinary KS levels seen in MPS IVA patients receiving ERT treatment does not correlate with improvements in bone pathology and skeletal symptoms. Blood KS could be a more predictive biomarker for evaluation of the therapeutic efficacy in bone lesions of patients with MPS IVA.[@bib4]^,^[@bib17] We measured plasma mono-sulfated KS levels in KO and MTOL mice biweekly for 12 weeks until the endpoint of this study. Two weeks after injection of AAV-GALNS vectors, mono-sulfated KS levels in the plasma were normalized to the wild-type levels, and these levels were maintained for at least another 10 weeks. In our previous study where MPS IVA mice were treated with ERT, the KS levels in the plasma were not normalized even after 12 weekly infusions,[@bib19] suggesting that high and sustained circulating levels of GALNS enzyme produced by gene therapy may be necessary to normalize plasma KS levels and to penetrate cartilage lesions in MPS IVA mice.

The improvement in bone pathology was evident in MTOL mice when treated at 4 weeks of age and assessed 12 weeks after vector administration. This was not the case with the KO mice. This could be because the KO mice have a more severe phenotype at the time of treatment compared to MTOL mice. At 4 weeks of age, plasma mono-sulfated KS levels in MTOL mice were indistinguishable from those of wild-type mice, whereas the KO mice had higher levels of plasma mono-sulfated KS. Throughout the study, plasma mean mono-sulfated KS levels in KO mice were substantially higher than those in MTOL mice. In the heart, more accumulation of storage material in valvular cells and muscle was observed in KO mice, compared to that in MTOL mice, by pathological assessment, and more GAG accumulation was observed in the liver of KO mice by quantification using mass spectrometry.

Heart and cardiovascular involvement are life-threatening to MPS IVA patients and cause severe morbidity and mortality. One-third of patients die of heart disease.[@bib61] In patients with MPS IVA, the small left ventricle reduces the stroke volume and increases heart rate. The diastolic filling pattern is impaired because of the relatively thickened ventricle.[@bib62] In MPS IVA mice treated with ERT, the cardiac lesions are not improved, as storage materials remained in heart valves.[@bib19] Our findings suggest that gene therapy has the potential to improve cardiac function. Liver-targeted AAV8 gene therapy led to high hGALNS activity in the heart and subsequent near-complete clearance of storage material in heart valves and cardiac muscle of MPS IVA mice. Overall, these data indicate that sustained high levels of hGALNS activity in circulation could provide cross-correction and improvement in cardiac lesions. Even though we observed higher circulating levels of hGALNS activity in AAV8-TBG-D8-hGALNS-treated mice, especially in the MTOL mice, it did not lead to any significantly better therapeutic effect on bone and heart pathology when compared to AAV8-TBG-hGALNS treatment.

This study provides the first comprehensive results on *in vivo* AAV gene therapy for MPS IVA. We demonstrate improvements in bone and heart pathology as well as KS accumulation. However, the present data suggest that i.v. injection of AAV8 vectors expressing hGALNS with 5 × 10^13^ GC/kg at 4 weeks of age could not provide complete restoration of bone pathology in the growth plate and articular cartilage lesions of both MPS IVA murine models during the 12-week monitoring period. Tessitore et al.[@bib49] showed that i.v. administration of 4.1 × 10^13^ GC/kg AAV8 vector significantly improved skull abnormalities and tibia length in the MPS VI rat model. Cotugno et al.[@bib50] also showed that i.v. administration of 6.0 × 10^13^ GC/kg AAV8 vector significantly improved, but did not completely correct, bone length in the MPS VI feline model. Thus, the current dose and the starting age may not be enough to restore skeletal lesions completely. A dose-finding study should be conducted to determine the optimal dose/age to treat MPS IVA mice. To obtain more significant improvement in these lesions, early treatment starting at the newborn period should be evaluated since significant bone damage might already occur by 4 weeks of age

In conclusion, systemic administration of liver-targeted AAV8 vector expressing hGALNS has the potential for treating MPS IVA. Supraphysiological levels of enzyme activity in circulation were associated with partial correction of GALNS deficiency in skeletal and cardiovascular lesions. These data support the translation of AAV gene therapy toward clinical development for MPS IVA.

Materials and Methods {#sec4}
=====================

Expression Cassette Design and AAV Vector Production {#sec4.1}
----------------------------------------------------

The expression cassettes carrying the native and D8 containing GALNS transgenes were designed for packaging into the AAV8 vector ([Figure 1](#fig1){ref-type="fig"}). The bone-targeting signal, D8 sequences, was inserted after the N-terminal signal peptide of hGALNS. The design included a liver-specific TBG promoter along with a rabbit β-globin polyadenylation tail (RBG pA). We used a codon-optimized hGALNS sequence (GenScript, Piscataway, NJ, USA) for both vectors for the mouse studies. We confirmed the GALNS enzymatic activity of these expression cassette plasmids in a transfection experiment using Huh-7 cells. We determined the activity levels in both cell lysate and supernatant 48 h post-transfection ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). The GALNS activity levels from the codon-optimized construct were similar to that produced by the native hGALNS coding sequence.

AAV8-TBG-hGALNS and AAV8-TBG-D8-hGALNS vectors were generated following a scaled-down version of the proprietary GMP vector production protocols at REGENXBIO (Rockville, MD, USA). Briefly, HEK293 cells (RGX293) were triple transfected with the helper plasmid, AAV8 capsid plasmid, and the transgene plasmid containing the hGALNS/D8-hGALNS. The packaged vectors were purified from the cell culture supernatant using affinity chromatography and tittered using the Droplet Digital PCR (Bio-Rad, Hercules, CA, USA) method.

Murine Models and *In Vivo* Study Design {#sec4.2}
----------------------------------------

We had previously described the development of two MPS IVA murine models, MPS IVA knockout mice (*Galns*^−/−^)[@bib27] and MPS IVA mice tolerant to hGALNS protein (*Galns*^*tm(hC79S.mC76S)slu*^)[@bib28] in the C57BL/6 background. The GALNS KO mouse model (KO, *Galns*^−/−^) was developed by targeted disruption of the GALNS gene.[@bib27] The mouse model tolerant to hGALNS (MTOL, *Galns*^*tm(hC79S.mC76S)slu*^) contains a transgene expressing hGALNS in intron 1 and an active site mutation (C76S) adjacent to exon 2, thereby introducing both the inactive hGALNS coding sequence with C79S active site mutation.[@bib28] Both mouse models had no detectable enzyme activity in blood and tissues and showed the accumulation of storage materials primarily within reticuloendothelial Kupffer cells, heart valves and muscle, and chondrocytes, including growth plate and articular cartilage. Genotyping for the experimental cohorts was done by PCR on day 14. Homozygous MPS IVA mice at 4 weeks of age, both male and female, were treated with either AAV8 vector i.v. at a uniform dose of 5 × 10^13^ GC/kg. Another cohort of MPS IVA mice, as well as unaffected C57BL/6 littermates, were administered with phosphate-buffered saline (PBS). The total dose volume administration was approximately 100 μL per mouse. All animal care and experiments were approved by the Institutional Animal Care and Use Committee of Nemours/Alfred I. duPont Hospital for Children.

Blood and Tissue Collection {#sec4.3}
---------------------------

Approximately 100 μL of blood was collected in tubes with EDTA (Becton Dickinson, Franklin Lakes, NJ, USA) every other week from all animals in the study. The blood was centrifuged at 8,000 rpm for 10 min, and plasma separated was kept at −20°C until performing the GALNS enzyme assay and GAG assay. At 16 weeks of age, mice were euthanized in a CO~2~ chamber and perfused with 20 mL of 0.9% saline. Liver, kidney, lung, spleen, heart, and knee joint were collected and stored at −80°C until processing for the GALNS enzyme assay and GAG assay. Additionally, various tissue samples were collected and stored in 10% neutral buffered formalin for histopathology analysis.

GALNS Activity Assay {#sec4.4}
--------------------

GALNS activities in plasma and tissues were determined as described previously.[@bib33] Frozen tissues were homogenized with homogenization buffer consisting of 25 mmol/L Tris-HCl (pH 7.2) and 1 mmol/L phenylmethylsulfonyl fluoride by using a homogenizer. Tissue lysate or plasma and 22 mM 4-methylumbelliferyl-β-galactopyranoside-6-sulfate (Research Products International, Mount Prospect, IL, USA) in 0.1 M NaCl/0.1 M sodium acetate (pH 4.3) were incubated at 37°C for 16 h. Then, 10 mg/ml β-galactosidase from *Aspergillus oryzae* (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M NaCl/0.1 M sodium acetate (pH 4.3) was added to reaction sample, and additional incubation was at 37°C for 2 h. The sample was transferred to stop solution (1 M glycine, NaOH \[pH 10.5\]), and the plate was read at excitation 366 nm and emission 450 nm on a PerkinElmer Victor X4 plate reader (PerkinElmer, Waltham, MA, USA). The activity was expressed as nanomoles of 4-methylumbelliferone released per hour per microliter of plasma or milligram of protein. Protein concentration was determined by a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA).

Extraction of GAGs from Tissue {#sec4.5}
------------------------------

GAG extraction from various mouse tissues was modified from that developed by Mochizuki et al.[@bib63] Briefly, excised tissues were frozen in liquid nitrogen and homogenized with acetone using a homogenizer. The obtained powder was dried under a centrifuge vacuum. The defatted tissue powder was suspended in 0.5 M NaOH and incubated at 50°C for 2 h to remove GAG chains from its core protein. After neutralization with 1 M HCl, NaCl was added to a final concentration of 3 M. Insoluble materials were removed by centrifugation, and the pH of the supernatant was adjusted below 1.0 with 1 M HCl. Precipitated nucleotides were removed by centrifugation, and the supernatant was neutralized with 1 M NaOH. The crude GAGs were precipitated by the addition of 2 vol of ethanol containing 1.3% potassium acetate. After centrifugation, the precipitate was dissolved in distilled water.

GAG Assay {#sec4.6}
---------

Blood and tissue GAG levels were measured by liquid chromatography-tandem mass spectrometry as described previously.[@bib64], [@bib65], [@bib66], [@bib67], [@bib68] Briefly, 50 mM Tris-HCl (pH 7.0) and sample were added into a 96-well Omega 10K MWCO (molecular weight cutoff) filter plate (Pall Corporation, Port Washington, NY, USA) on a 96-well receiver plate. Samples were centrifuged for 15 min at 2,500 × *g*. The filter plate was transferred to a new receiver plate, and a cocktail mixture of 50 mM Tris-HCl (pH 7.0), 5 μg/mL chondrosine as internal standard (IS), 1 mU heparitinase, and 1 mU keratanase II was added to the filter plate. Samples were incubated at 37°C in a water bath overnight. Then, the samples were centrifuged for 15 min at 2,500 × *g*. The apparatus consisted of a 1290 Infinity LC system with a 6460 triple quad mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). Disaccharides were separated on a Hypercarb column (2.0 mm inner diameter \[i.d.\], 50 mm long, 5-μm particles; Thermo Fisher Scientific, Waltham, MA, USA) kept at 60°C. The mobile phase was a gradient elution of 5 mM ammonium acetate (pH 11.0) (solution A) to 100% acetonitrile (solution B). The flow rate was 0.7 mL/min, and the gradient was as follows: 0 min, 100% solution A; 1 min, 70% solution A; 2 min, 70% solution A; 2.20 min, 0% solution A; 2.60 min, 0% solution A; 2.61 min, 100% solution A; 5 min, 100% solution A. The mass spectrometer was operated with electrospray ionization in the negative ion mode (Agilent Jet Stream technology). Specific precursor and product ions, *m/z*, were used to quantify each disaccharide, respectively (IS, 354.3→193.1; mono-sulfated KS, 462→97; HS-0S, 378.3→175.1). The injection volume was 10 μL, with a running time of 5 min per sample.

Toluidine Blue Staining and Pathological Assessment {#sec4.7}
---------------------------------------------------

Toluidine blue staining was performed as described previously.[@bib28] Briefly, the knee joint and mitral heart valve were collected from MPS IVA and wild-type mice at 16 weeks of age to evaluate levels of storage granules by light microscopy. Tissues were fixed in 2% paraformaldehyde, 4% glutaraldehyde in PBS and post-fixed in osmium tetroxide and embedded in Spurr's resin. Then, toluidine blue-stained 0.5-μm-thick sections were examined. To evaluate chondrocyte cell size (vacuolization) in the growth plate of femur or tibia, approximately 300 chondrocytes in the proliferative area were measured in each mouse by ImageJ software, and the results were expressed as fold change from the wild-type group.

Detection of Antibodies against GALNS by an ELISA {#sec4.8}
-------------------------------------------------

An indirect ELISA method was used to detect antibodies against hGALNS in plasma of treated and untreated mice as described previously.[@bib69] Briefly, a 96-well microtiter plate was coated overnight with 2 μg/mL purified rhGALNS (R&D Systems, Minneapolis, MN, USA) in 15 mM Na~2~CO~3~, 35 mM NaHCO~3~, and 0.02% NaN~3~ (pH 9.6). The wells were washed three times with Tris-buffered saline (TBS)-T (10 mM Tris \[pH 7.5\], 150 mM NaCl, 0.05% Tween 20) and then blocked for 1 h at room temperature with 3% bovine serum albumin in PBS (pH 7.2). After washing three times with TBS-T, a 100-fold dilution of mouse plasma in TBS-T was added to the wells and incubated at 37°C for 2.5 h. The wells were washed four times with TBS-T, and then TBS-T containing a 1:1,000 dilution of peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) (Thermo Fisher Scientific, Waltham, MA, USA) was added to the wells and incubated at room temperature for 1 h. The wells were washed three times with TBS-T and twice with TBS (10 mM Tris \[pH 7.5\], 150 mM NaCl). Peroxidase substrate (ABTS solution, Invitrogen, Carlsbad, CA, USA) was added (100 μL per well) and plates were incubated at room temperature for 30 min. The reaction was stopped with the addition of 1% SDS, and the plates were read at OD~410~ on a PerkinElmer Victor X4 plate reader (PerkinElmer, Waltham, MA, USA).

AAV Vector Genome Biodistribution {#sec4.9}
---------------------------------

DNA was purified from the liver by using the Gentra Puregene kit according to the instruction manual (QIAGEN, Germantown, MD, USA). Digital PCR (dPCR) analysis on genomic DNA extracted from frozen liver samples of mice was performed using specific primers and probe sequences for RBG pA, which are as follows: forward primer, 5′-GCCAAAAATTATGGGGACAT-3′; reverse primer, 5′-ATTCCAACACACTATTGCAATG-3′; and probe, 5′-6FAM-ATGAAGCCCCTTGAGCATCTGACTTCT-QSY-3′. Genomic DNA was tested non-fragmented as well as fragmented using either enzymatic digestion or an M220 Focused-ultrasonicator (Covaris, Woburn, MA, USA). The RBG TaqMan assay (FAM labeled) (Thermo Fisher Scientific, Waltham, MA, USA) was used for quantitative dPCR analysis of the AAV vector. The concentration of DNA for the AAV chip for the liver samples processed was between 0.5 and 2 ng per 16-μL reaction, dependent on the DNA concentration needed to bring the AAV copies/μL into the detectable range of the instrument. The Tfrc TaqMan copy number reference assay (VIC labeled) was obtained from Thermo Fisher Scientific. 40 ng of genomic DNA per 16-μL reaction was used for Tfrc dPCR. Each reaction was loaded onto a separate QuantStudio chip (QuantStudio 3D digital PCR 20K chip kit v2, A26316; Thermo Fisher Scientific, Waltham, MA, USA).

The PCR amplification profile was conducted with an ABI GeneAmp 9700 PCR thermal cycler with dual flat blocks (Applied Biosystems, Waltham, MA, USA) as follows: 96°C for 10 min; 39 cycles of 60°C for 2 min and 98°C for 30 s; 60°C for 2 min; 10°C final hold. After PCR amplification, chips were read on the QuantStudio 3D instrument to obtain the number of wells positive for the VIC and FAM channels, as well as the number of wells without DNA and empty wells. Data analysis and chip quality were assessed using the QuantStudio 3D analysis suite. All chips were between 25% and 75% empty wells, ensuring suitability for quantitation. Copies/μL for both Tfrc and AAV were determined and normalized using the dilution factor for AAV sample input. Using Tfrc results as a reference for two copies, the number of copies of AAV per mouse genome was calculated.

Statistical Analysis {#sec4.10}
--------------------

All data were expressed as means and standard deviations (SD). Multiple comparison tests were performed by one-way ANOVA with the Bonferroni's *post hoc* test using GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA). The statistical significance of difference was considered as p \< 0.05.
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